Introduction: Chronic inflammation has been implicated in carcinogenesis, with increasing evidence of its role in lung cancer. We aimed to evaluate the role of genetic polymorphisms in inflammation-related genes in the risk for development of lung cancer.
Methods: A nested case-control study design was used, and 625 cases and 625 well-matched controls were selected from participants in the b-Carotene and Retinol Efficacy Trial, which is a large, prospective lung cancer chemoprevention trial. The association between lung cancer incidence and survival and 23 polymorphisms descriptive of 11 inflammation-related genes (interferon gamma gene [IFNG] 
Conclusions:
This study provides further evidence that IL1B promoter polymorphisms may modulate the risk for development of lung cancer.
Introduction
Lung cancer is the leading cause of cancer mortality worldwide, with 155,870 deaths predicted in the United States in 2017. 1 Although the vast majority of lung cancer cases occur in the setting of tobacco use, lung cancer develops in less than 20% of smokers. 2 To explain these observations, a genetic basis for susceptibility to the carcinogenic effects of tobacco smoke has been postulated. Candidate genetic polymorphisms include genes involved in the metabolism and activation of the carcinogens in tobacco smoke, DNA repair, and cell cycle regulation. 3, 4 Genome-wide association studies have demonstrated that single nucleotide polymorphisms (SNPs) located within the 15q25 region encoding for subunits of the nicotinic acetylcholine receptor are significantly associated with risk for lung cancer. 5, 6 Several lines of evidence support the hypothesis that persons with chronic inflammatory conditions, such as chronic obstructive pulmonary disease 7 or asthma, 8 have an increased risk for development of lung cancer, even when exposure to tobacco smoke is taken into account. Asbestos and cigarette smoke may exert some of their carcinogenic effects in the lung through chronic inflammation, 9 as tobacco use has been associated with higher levels of inflammatory cytokines and inflammatory cells. 10 Other evidence indicates that among persons with lung cancer, a proinflammatory state may lead to worse prognosis. This hypothesis is supported by the finding that patients with lung cancer with increased numbers of intratumoral macrophages had shorter relapse-free survival than do patients with low intratumoral macrophage density. 11 In addition, the total degree of systemic inflammation, as measured by Creactive protein and albumin levels, has been found to be a powerful prognostic indicator in patients with lung cancer. 12 The role of chronic infections in the etiology of hepatocellular carcinoma, gastric cancer, and cervical cancer is well established and is postulated to be mediated through the inflammatory response. 13 In humans, the role of inflammatory gene polymorphisms has been investigated in a variety of tumors, including gastric, liver, breast, ovarian, prostate, pancreas, skin, colon, and hematologic malignancies. Gene families studied have included interleukin 1 alpha (IL1A), interleukin 1 beta (IL1B), interleukin 1 receptor antagonist (IL1RN), interleukin 2 (IL2), interleukin 4 (IL4), interleukin 6 (IL6), interleukin 8 (IL8), interleukin 10 (IL10), tumor necrosis factor alpha (TNFA), lymphotoxin alpha (LTA), prostaglandin-endoperoxide synthase 2 (PTGS2) (also cyclooxygenase 2 [also known as COX2]), interferon gamma [IFNG], Toll like receptor 4 (TLR4), and others. 14, 15 Inflammatory gene families have been studied most extensively in gastric cancer, where the results have been variable. Initial studies suggested that the proinflammatory alleles IL1b-31T and IL-1RN*2 increased effective interleukin-1 (IL-1) levels and inhibited gastric acid secretion, thereby increasing risk of noncardia gastric cancer. 16, 17 These polymorphisms, in addition to polymorphisms in TNFA and IL10, were found to increase noncardia gastric cancer risk. 16 Further studies, however, have indicated that whereas IL1B and IL-1RN SNPs and haplotypes may be associated with atrophic gastritis, there is no association with gastric cancer. 18, 19 Furthermore, results vary significantly depending on the population being studied, with variability most pronounced between white and Asian populations. 20 Various studies have begun to understand the role of inflammatory genes in the pathogenesis of lung cancer. Measured free levels of circulating IL-17A, IL-17F, IL-22, IL-23, and tumor necrosis factor-a have been demonstrated to be significantly increased in patients with NSCLC compared with in healthy controls. 21 Research has focused on the role of SNPs within the IL1B gene and the IL1RN gene, similarly to prior studies in gastric cancer. Studies have demonstrated an increased risk of lung cancer as well as COPD among individuals carrying a -31T>C (rs1143627), -511C>T (rs16944), -3893A>G (rs12621220), or -1464 C>G (rs1143623) mutation. [22] [23] [24] [25] Furthermore, studies have demonstrated haplotype linkage disequilibrium between the aforementioned IL1B SNPs and IL1RN variable number tandem repeats (VNTRs) with association between certain haplotypes and increased risk of lung cancer. [22] [23] [24] 26 The success of checkpoint inhibitors in NSCLC has underscored the importance of immune regulations in the development and progression of lung cancer. 27 Given these observations linking inflammatory gene SNPs and haplotypes with lung cancer risk, we tested the hypothesis that variation in the form of single-nucleotide polymorphisms (SNPs) in additional genes involved in the inflammatory response influences lung cancer risk and prognosis.
Materials and Methods

Subjects
Participants in this study were enrolled in the bCarotene and Retinol Efficacy Trial (CARET), which is a large, randomized, multicenter trial that examined the effect of b-carotene and retinol versus placebo in a population at high risk for development of lung cancer. 28 Participants in CARET included heavy smokers who were age 50 to 69 years at the time of entry into the study, had a smoking history of 20 or more pack-years, and were either current smokers or had quit within the previous 6 years. As part of the study, genomic DNA was prospectively collected and banked from more than 12,000 subjects out of a total of 18,314 enrolled subjects. The Fred Hutchinson Cancer Research Center Institutional Review Board granted approval for the original intervention study, DNA collection, and use of the samples and data for the current study.
Criteria for the current study included (1) a diagnosis of lung cancer (both SCLC and NSCLC were included), (2) availability of a dried blood spot as source of DNA, and (3) availability of a matched control from the CARET data set. A matched, nested case-control design was used to minimize bias from population stratification. Demographic and exposure data on this population are well characterized. The average length of follow-up for cases is more than 7 years. Cases and controls were matched by age, sex, race, occupational exposure to asbestos, year of enrollment, CARET intervention arm, smoking status (current versus former), and pack-years.
From participants entered into the original CARET trial with banked DNA, a total of 625 lung cancer cases and an equal number of matched controls were identified. The large study population allowed for near-perfect matching on all variables of interest, as shown in Table 1 . Histological subtypes were determined from pathology reports when possible. For the purposes of analysis, NSCLC was divided into the following histological subtypes: adenocarcinoma (AC), squamous cell carcinoma (SCC), and other NSCLC. AC was the most frequent subtype with 169 cases, SCC accounted for 138 cases, other NSCLC accounted for 122 cases, and SCLC accounted for 98 cases. Because 98 cases did not have an accompanying pathology report, they were diagnosed by death certificate, clinically, or by self-report. The number of cases of each of the histological subtypes is shown in Table 1 .
DNA Extraction
DNA was extracted from archived dried blood spots stored on Schleicher and Schuell No. 907 filter paper stored at -70 C. Samples were collected from 1994 to 1997 and DNA extraction was performed in 2002. Prior work has demonstrated sufficient yield from dried blood samples when stored at -20 C for more than 20 years; samples in this study were stored for at most 8 years. 29 Samples were processed as follows. In brief, one 1/16-inch hole punch (MC Mieth Manufacturing, Port Orange, FL) from the dried blood spot was collected for each case and control. To prevent cross-contamination, the punch was flame-sterilized between samples. Filter paper punches without blood spots served as negative controls. To have sufficient DNA for multiple reactions, each sample was polymerase chain reaction-amplified by using a multistrand displacement reaction resulting in whole genome amplification (Qiagen, Valencia, CA) and yielding 20 mL of 1-mg/mL DNA. The amplified DNA was diluted 300-fold with reagent-grade water and used in all genotyping reactions. DNA amplified with use of the multistrand displacement reaction has been found to have better than 99% concordance with traditionally extracted DNA in subsequent Taqman genotyping reactions. 30 
Genotyping Protocol
In this study, a candidate gene selection strategy was used to choose genes implicated in cancer or disease. 14, 15 Common polymorphisms in coding or promoter regions with an expected minor allele frequency greater than 5% were chosen.
All polymorphisms were genotyped by using Taqman-based allelic discrimination assays. We utilized previously validated assays described in the National Cancer Institute's SNP500Cancer project. 31 This resource validates the assays' performance against sequence-based typing on more than 100 ethnically diverse individuals. The assays used in this study are described by the internal SNP500Cancer identification and dbSNP reference SNP identification number and listed in Table 2 . 32 
Statistical Analysis
Primary End Points. Lung cancer risk was assessed by comparing the distribution of SNP genotype frequencies between cases (of all histological subtypes) and controls Stratified Analyses. To investigate the possibility that the effect of a genetic polymorphism may be biologically active only in a specific histological subgroup, exploratory analyses examining the effect of genotype within the histological subtypes based on pathology reports were conducted. The controls were each matched to a case in 1:1 fashion. On the basis of prior multivariate analyses of the CARET data delineating the demographic variables predictive of lung cancer risk, 34 further exploratory subgroup analyses were performed within the following subpopulations: experimental arm (vitamin supplementation versus placebo), age older or younger than the median of 60 years, smoking status (current versus former), pack-years more or less than the median of 48, and sex. These analyses were restricted to case-control pairs as well. Within the analysis of pack-years and age, case-control pairs were dropped if one subject was below the median value and the other was above the median. Pack-years and age were the only variables for which this occurred; the matching was exact for the other variables (intervention arm, smoking status, and sex).
HWE. For all assays, genotype distributions in both cases and controls were assessed for Hardy-Weinberg equilibrium (HWE) by using the chi-square method.
Estimation of Power. Modeling of our data with assumptions of HWE with 80% power by using a 0.05-level test for heterogeneity in the 2 Â 3 contingency allowed detection of ORs for increased risk as low as 1.3 for a minor allele frequency of 0.5 and as low as 1.5 for a minor allele frequency of 0.1.
Survival Analysis. Patients in whom lung cancer had been diagnosed before the collection of the dried blood spots were censored to avoid bias, leaving 580 of the 625 original cases. The Kaplan-Meier method was used to construct survival curves, and Cox regression was performed to estimate hazard ratios (HRs). Differences in survival among subgroups of different genotypes were analyzed by using a log-rank test. All statistical tests were two sided. All analyses were implemented with SAS software (SAS Institute, Cary, NC).
Results
Genotyping
A genotype was assigned for 99.0% of all samples tested with a range of 97.4% to 99.7% among the SNPs tested. To estimate the rate of genotyping errors, we repeated genotyping of the IL-1b-511 gene polymorphism for all samples and found 99.9% concordance with the original results.
Population Genetics
HWE was tested in the control group for each SNP genotyped and all p values were higher than 0.05. The minor allele frequencies observed in the control group in this predominantly (98%) white population are reported in Table 2 .
The ORs for cancer risk by genotype are presented in Table 3 . An association between the IL1B promoter polymorphisms rs16944 (also described as IL1B_01 or -511C>T) and rs1143623 (IL1B_09 or -1464 C>G) and lung cancer risk was found. The size of this effect was modest, with presence of the minor allele variants of IL1b-511C>T (rs16944) ( 
Stratified Analyses
Exploratory subgroup analyses were conducted among case-control pairs. We analyzed subsets of the cases and compared them with their matched controls to determine whether there were any effects that were present only in a subgroup and whose effect might be diminished in the overall sample. We stratified by histological subtype (SCLC, NSCLC, SCC, or AC), experimental arm (active versus placebo), age (<60 versus >60), smoking status (current versus former), packyears (<48 versus >48), and sex. However, given the large number of comparisons (23 polymorphisms Â 14 subgroups) we chose p ¼ 0.01 for a significance threshold and found no statistically significant associations within subgroups. Within the IL1B promoter polymorphisms, we found evidence for an effect across all subgroups (data not shown), with the strongest associations observed in the male current smokers with a smoking history of more than 48 pack-years in the SCC and SCLC subgroups. Differences between subgroups did not reach statistical significance in tests for interaction. To investigate the possibility that the effect was dependent on tobacco exposure, the subjects were divided into quartiles. A trend across pack-years was not observed. We also repeated all of the analyses with a data set that excluded the 98 cases without pathologic confirmation, and this did not alter our findings.
Discussion
The current study tested the hypothesis that variation in the genes that participate in the inflammatory response may increase or decrease risk of lung cancer and may predict survival among patients with lung cancer. With use of a nested case-control study design, this analysis further supports an association of IL1B promoter polymorphisms and lung cancer risk. These results suggest that susceptibility to lung cancer may in part be defined by the individual's genetic background of this proinflammatory cytokine. Additional proinflammatory genes tested in this study were not found to be associated with lung cancer risk.
Our cohort was defined prospectively from a large population at risk for lung cancer. We were able to achieve a very high degree of matching between cases and controls for all of the demographic variables that have previously been shown to be of importance in this cohort. 34 As such, our analysis is less prone to bias than traditional case-control studies. Many of the cohorts in the literature are hospital-based studies and are thus enriched for disease that is amenable to surgical treatment. This is less representative of the natural history of lung cancer than the present study, in which all incident cases were captured in a prospective cohort. Tobacco and asbestos exposures were well characterized in our study population before development of lung cancer in any of the subjects. Follow-up procedures were thorough. Although not as large as the multinational study of Campa et al., 35 our study was adequately powered to detect effects that are likely to be of clinical significance, with ORs as low as 1.3 to 1.5. It should be noted that this study did not have numbers of cases adequate to perform an independent replication study, which inherently limits the generalizability of these results.
As with all gene association studies, multiple comparisons and subgroup analyses can lead to spurious associations. Our study population was predominantly of white origin. Different genotype frequencies between ethnic groups may partially explain the lack of association of inflammatory gene polymorphisms with lung cancer that have previously been described in Asian populations. [36] [37] [38] [39] This is similar to the variable results demonstrated in the gastric cancer literature. 20 It should also be noted that population stratification within our predominantly white cohort may also influence our results and that further validation studies are needed.
The IL1B gene has been of interest because of its role as a proinflammatory cytokine produced by macrophages, monocytes, and lung epithelia. IL-1 has been shown to be up-regulated in lung cancer. Higher IL-1 concentrations within tumors have been associated with more virulent tumors and poor prognosis. 40 Furthermore, VNTR polymorphisms in the IL1BRN gene, which acts as a competitive ligand with IL-1, have been associated with lung cancer risk.
26 IL1B promoter polymorphisms have been shown to have an important role in the pathogenesis of gastric and other cancers. The IL-1b-511 and -31 polymorphisms lie in the promoter region and have been found to be in strong linkage disequilibrium. 17, 25 The -31 polymorphic position lies within a TATA-box element, with the variant C allele causing disruption of binding to the TATA-box. 17 The variant -31C allele has been shown to be associated with a decreased promotion of IL-1b in in vitro studies of human lung epithelial cells. 41 This is thought to be secondary to the specific binding of a transcription factor (Yin Yang 1) to the -31C allele, decreasing transcription of IL1B. 42 This study did not test for the -31C>T SNP; however, in several studies IL-1b-31 and IL-1b-511 are perfectly concordant. 17 As has been previously demonstrated, this study found decreased odds of lung cancer in patients with either the homozygous or heterozygous -511T allele or -1464C allele. 22, 23, 25 In the report by Zienolddiny et al., the less frequent IL-1b-31CC/IL-1b-511TT genotypes were associated with a decreased risk of lung cancer (OR ¼ 0.40 for IL-1b-511 minor allele homozygotes and OR ¼ 0.52 for heterozygotes) and a lower incidence of mutated p53 compared with the common allele. 25 Interestingly, the study by Zienolddiny et al. of the IL1 promoter polymorphism in NSCLC was expanded to a larger European cohort with 2135 cases and 2115 controls and no evidence of association between IL1B -31T>C and lung cancer risk was found. 34 Similarly, a study by Lind et al. demonstrated an increased risk of NSCLC for individuals with the haplotype homozygous IL-1RN*1(an allele of the IL1 VNTR with four repeats) and IL1b-31T, but it did not show an increased risk in individuals with -31T who were not homozygous for IL-1RN*1. 26 It is possible that these discrepant results are secondary to varied genetic backgrounds of the populations being studied. Our study, which was conducted in a predominantly white population, did not show an association between alleles of IL1B rs1143634 and lung cancer, although prior studies in a Japanese population demonstrated an increased risk in individuals who were either homozygous or heterozygous for the T allele. 39 This study provides further evidence for an IL1B risk haplotype. Although it examined three specific SNPs, rs1143634A>C, rs16944 (-511T>C), and rs1143623 (-1646C>G), this study demonstrates a significantly increased rate of the haplotype CTC among controls, and conversely an increased rate of the haplotype TCG among lung cancer cases (p ¼ 0.02). This further supports findings in studies by Landvik et al. and Li et al. which demonstrated similar trends in -511 and -1464 containing haplotypes. 22, 23 Rogus et al. demonstrate in vivo that subjects with haplotypes including homozygous -511C and -1464G alleles have 28% to 52% higher IL-1b levels. 43 It is possible, therefore, that one explanation for the decreased rate of lung cancer in individuals containing -511T and -1464C haplotypes is a decreased level of IL-1b production.
The fact that the same IL-1 promoter polymorphism may be protective in lung cancer and cancer promoting in gastric cancer may be explained by interactions with Helicobacter pylori and the effect of IL-1 on pH in gastric cancer. The direction of the effect noted in our study is consistent with that in the original report of Zienolddiny et al., although the magnitude is less. The current study found a neutral effect of the T>C polymorphism in the 3 0 -UTR of cyclooxygenase 2 (COX2) (rs5275). Also known as prostaglandin-endoperoxide synthase 2, COX2 is a key enzyme in the inflammatory response. Inhibitors of this enzyme have received significant attention as chemopreventive and anticancer agents. 44 COX2 is overexpressed in NSCLC and is thought to be an adverse prognostic factor. 45 There are several reports in the literature regarding the role of the T>C polymorphism in the 3 0 -UTR of COX2 (rs5275) that ascribe the allele as either a neutral, 35 protective, 38 or predisposing 46 risk factor for lung cancer. Our data are consistent with this allele having no effect on lung cancer risk.
This study did not find any correlation between genotype and lung cancer risk for the TNFA, TGFB1, IL10, and IL6, genes previously associated with risk in the literature. 36, 47 There are many possible reasons for the failure to replicate these prior findings. The initial reports may arise from chance, as many of the findings were present only in retrospectively defined subsets of the subjects studied and multiple hypotheses were investigated. Another possibility is that varied ethnic background of study populations may result in a different genetic background that confers a different biologic significance to a given functional polymorphism. Furthermore, the specific SNPs genotyped vary between studies. For example, recent work has shown a possible association between the -634 C>G (rs1800796) SNP of the IL6 gene, which was not tested in our study. 48, 49 In our study of predominantly white individuals, the size of our study population and the minor allele frequencies for these four genes should have been sufficiently large to detect ORs as low as 1.3 to 1.5; thus, the absence of findings makes it highly unlikely that a gene with a large OR is present among the inflammatory gene polymorphisms studied.
This study provides further evidence of a relationship between the IL1B promoter polymorphisms and lung cancer risk. The central role of the IL-1 pathway in the initiation of the inflammatory response and the association of cancer risk with polymorphisms in this pathway justify further research into this area. Recombinant IL-1 receptor antagonists are already in clinical use for rheumatoid arthritis. Recently, the CANTOS trial demonstrated decreased incidence of and mortality due to lung cancer in patients treated with canakinumab, a humanized monoclonal antibody that inhibits IL-1b. 50 As further studies examine the role of this pathway in cancer promotion, translational research clarifying the role of this pathway in lung cancer could proceed rapidly.
